Abstract For the purpose of estimating the content of vinyl acetate (VA) in ethylene-vinyl acetate copolymer (EVA), optical absorption spectra were measured in a frequency range from 0.5 to 21.0 THz for sheets of EVA containing different contents of VA from 12 to 60 % by weight and a sheet of low-density polyethylene containing no VA. As a result, it has become clear that EVA exhibits relatively sharp absorption at 2.5, 6.7, and 10.5 THz and rather broad absorption at 11 to 17 THz and 17 to 20 THz. All these absorption peaks and bands are in proportion to the content of VA, up to certain frequency-dependent contents. Using these proportionalities, the content of VA in EVA can be estimated quantitatively. Especially, the absorption at 2.5 THz shows a good accuracy similar to the method recommended by an international standard.
I. INTRODUCTION
Ethylene-vinyl acetate copolymer (EVA) is industrially valuable, since it is used for cable insulation as well as for films in various fields [1] . As the content of vinyl acetate (VA) in EVA increases, EVA becomes soft and polar and its permittivity increases [1] . Namely, the estimation of the content of VA in EVA is industrially important for determining its mechanical and electrical properties. At present, several methods including Fourier-transform infrared (FT-IR) spectroscopy are recommended in several standards such as ISO 8985 and Japanese Industrial Standard JIS K 7192 [2] . Especially, for manufacturing EVA, a simpler and more reliable method is desirable.
From this viewpoint, the authors focused on terahertz (THz) and FT far-infrared (FIR) absorption spectroscopy. Here, the THz waves are the electromagnetic waves in a frequency range from 0.1 to 10 THz with wave numbers from 3.3 to 333 cm - 1 . It has been known that THz absorption spectroscopy can detect various intermolecular vibrations, lattice vibrations, and skeletal vibrations [3] [4] [5] [6] [7] [8] . Therefore, it is expected that we can obtain valuable information on various properties of a substance if we use THz spectroscopy in addition to conventional instrumental analyses such as X-ray diffraction and FT-IR. This work was carried out to examine the possibility whether THz and FT-FIR absorption spectroscopy can be used as a tool to estimate the VA content in EVA. Furthermore, the reliability was compared between the THz-FIR method and the FT-IR method.
II. EXPERIMENTAL
Sheets of EVA, about 1.0 mm thick, containing different contents of VA from 12 to 60 % by weight and a sheet of lowdensity polyethylene (LDPE), containing no VA, with a similar thickness were prepared. For these sheet samples, THz absorption spectra were obtained in a frequency range from 0.5 to 4.0 THz by a THz time domain spectrometer (TDS, TochigiNikon, Rayfact SpecTera RS-01020) in vacuum at room temperature. Furthermore, FT-FIR absorption spectra were obtained in a frequency range from 3.0 to 21.0 THz by a spectrometer (JASCO, VIR-F) in the atmospheric air at room temperature. Moreover, FT-IR spectra were measured in a wave number range from 3600 to 2400 cm -1 using a spectrometer (JASCO, FT/IR-4200) in the atmospheric air at room temperature. Fig. 2 ), was drawn to remove the background noise from the spectrum of the 12 % sample. Fig. 1 shows THz absorption spectra of EVA and LDPE in a frequency range from 0.5 to 4.0 THz. Each spectrum was drawn as the average of three measurements and each vertical bar represents the one standard deviation of the measurement values. First, LDPE shows an absorption peak at 2.15 THz. This absorption is attributable to a crystalline region in LDPE [9] . Therefore, there should be no direct relation between its intensity and the VA content in EVA. On the other hand, EVA sheets have a broad but strong absorption peak, which shows its maximum intensity at around 2.5 THz, in addition to the weak absorption at 2.15 THz. The intensity of this broad absorption increases with an increase in content of VA. The assignment of this broad absorption at around 2.5 THz was already reported as an intermolecular oscillation activated by the large dipole moment of the acetate group [10] . Fig. 2 shows FIR absorption spectra of EVA and LDPE in a frequency range from 3.0 to 21.0 THz. While LDPE shows no meaningful absorption peaks, EVA sheets have a sharp absorption peak at 6.7 THz and a broad absorption band with seemingly multiple peaks stretching from 11 to 17 THz as well as a rather sharp and strong absorption band with multiple peaks at 17 to 20 THz. Furthermore, the EVA sheet with a relatively high content of VA shows a weak absorption peak at 10.5 THz. Among the above-mentioned four peaks and bands, the absorption peak at 6.7 THz was assigned tentatively to internal mode of the acetate group [11] .
III. RESULTS AND DISCUSSION

A. THz and Far-infrared Absorption Spectra
B. Dependence of THz and Far-infrared Absorption Spectra on the VA Content
The absorption spectra shown in Fig. 2 overlap each other. In order to obtain the intensity of each absorption, background noises should be removed. First, the effective absorption coefficient ( ) was calculated for each sample in the form of the spectrum as a function of frequency by dividing its absorbance by its thickness. Secondly, the spectrum of the LDPE sheet was subtracted from the spectrum of the EVA sheets in a frequency range from 3.0 to 21.0 THz. Here, the spectrum obtained by the subtraction is called the spectrum. Thirdly, two straight lines were drawn on the spectrum by connecting them from the minimum point of at around 17 to 18 THz to two minimum points of at around 4 to 5 THz and at around 20 to 21 THz. By subtracting absorption spectra indicated with the two straight lines from the spectra, spectra were obtained. Fourthly, peaks appearing in the spectra were separated by assuming eight Lorentzian curves. For the peak separation, the frequency and the full width at half maximum of each peak were fixed at the values shown in Table I . Fifthly, the area of each peak or integrated absorption intensity, which has a unit of cm -2 , was calculated as the integral over the wave number. (a) and from 3300 to 2400 cm -1 (b); 2, light blue: VA contents of 12 %, 3, dark blue: 17 %, 4, light green: 28 %, 5, dark green: 33 %, 6, orange: 42 %, and 7, red: 60 %. Each spectrum was drawn as the average of three measurements and each vertical bar represents the one standard deviation of the measurement values. The red dashed vertical line, which connects two absorbance values at 3520 and 3400 cm -1 or those at 3280 and 2430 cm -1 , was drawn to obtain the absorbance A1 or A2 of the sample with the VA content of 60 %.
As for Fig. 1 , first, as in the case of Fig. 2 , spectra were obtained by subtracting the spectrum of the LDPE sheet from the spectra of the EVA sheets. Secondly, a straight line was drawn for each by connecting it from the value at 0.5 THz to the minimum value of appearing in Fig. 2 in a frequency range from 4 to 5 THz. Note that the light blue dashed line in Fig. 1 is an example of the straight line drawn for EVA with VA content of 12 %. Thirdly, was calculated by subtracting the absorption spectrum indicated with the straight line from each . Fourthly, the integrated absorption intensity of the 2.5-THz peak was obtained. Fig. 3 shows the integrated absorption intensity of each . Here, the unit of VA content on the abscissa was converted from % by weight to kg/m 3 by assuming the densities of LDPE and polyvinyl acetate as 0.92 and 1.17 g/cm 3 [12, 13], respectively. According to the conversion, the VA contents of 12, 17, 28, 33, 42, and 60 % by weight correspond to 113, 162, 274, 327, 424, and 633 kg/m 3 , respectively. Here, as shown in Fig. 2 , several absorption peaks seem to overlap each other at frequencies from 11 to 17 THz and from 17 to 20 THz. If some of these peaks are estimated too much, the others should be underestimated, which makes the estimation of peak intensity difficult. However, the purpose of this work is not to determine the intensity of every component peak but to estimate the VA content. Accordingly, as for the two multi-peak absorption bands, the total integrated absorption intensity was shown in Fig. 3 without trying peak separation. Furthermore, it appears that several absorption peaks or bands tend to split into sub-peaks or become saturated at relatively high contents of VA, probably due to low signalto-noise ratio. In such a case, an asterisk mark (*) was put in Fig. 3 on the corresponding integrated intensity.
Based on the above, except for the absorption band at around 17 to 20 THz, which seems saturated even at 12 %, the integrated absorption intensities at frequencies of 2.50, 6.76, and 10.5, and the intensity in a range from 11.0 to 17.0 THz show a good proportionality up to the VA content of 60, 17, 42, and 33 %, respectively. Therefore, from the slopes of the straight lines shown in Fig. 3 , the integrated absorption intensity per unit amount or per 1.0 kg/m 3 of VA can be calculated to be around 5.3, 7.9, 0.83, and 6.7 m 3 /(kg cm 2 ) for the absorption at 2.50, 6.76, 10.5, and 11.0 to 17.0 THz, respectively. Fig. 4 shows IR absorption spectra of EVA and LDPE in wave number ranges from 3600 to 3300 cm -1 (a) and from 3300 to 2400 cm -1 (b). The VA content can be estimated from these absorption spectra by a method specified by JIS [2] . The two red dashed straight lines were drawn for understanding the method, taking an example for EVA with VA content of 60 %. In Fig. 4 (a) , EVA has an absorption peak at around 3460 cm -1 due to C=O bonds. First, the absorption intensity at around 3460 cm -1 (A 1 ) shown in Fig. 4 (a) should be measured as the peak height over the straight line connecting the values at 3520 and 3400 cm -1 . Next, as for Fig. 4 (b) , the absorption intensity due to CH 2 bonds at around 2678 cm -1 (A 2 ) should be measured similarly as the height over the straight line shown in Fig. 4 (b) connecting the values at 3280 and 2430 cm -1 . The VA content can be known by the ratio A 1 /A 2 [2] .
C. IR Absorption Spectra
In That is to say, the estimation error by this definition is 7.4 % at this VA content. Similar estimation errors were calculated for all the upper and lower limits of the error bars for the 2.5-THz integrated absorption intensity, which has a good proportionality up to the VA content of 60 %. As a result, the average of the estimation errors was calculated to be 5.9 %. Estimation errors were calculated similarly for the data shown in Fig. 5 except for the value at the VA content of 60 %, and their average was found to be 4.2 %. Therefore, if we compare the two absorption spectra in the range stretching over the THz and FIR frequencies and in the IR range, the 2.5-THz absorption exhibits similar accuracy as the IR method specified in ISO and JIS, while both the two ranges can estimate the VA content in EVA.
IV. CONCLUSIONS
The possibility whether THz or FIR absorption spectroscopy can be used as a tool to estimate the VA content in EVA was examined. Absorption spectra were obtained for sheets of EVA containing different contents of VA from 12 to 60 % by weight and a sheet of LDPE containing no VA at frequencies from 0.5 to 21.0 THz. As a result, EVA has absorption peaks at 2.5, 6.7, and 10.5 THz and broad bands stretching from 11 to 17 THz and from 17 to 20 THz. The integrated absorption intensity of each absorption peak or band increases with an increase in content of VA. Therefore, the content of VA in EVA can be estimated quantitatively by THz and FIR absorption spectroscopy. Especially, the 2.5-THz absorption exhibits a similar accuracy as the method recommended by an international or a domestic standard using FT-IR.
